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1. THEORETICAL BACKGROUND 


1.1. Definition of the Forest Ecosystem 


An attempt to fix the limits of individual ecosystems as part of the ecosphere 
inevitably constrains our ability to understand gradual transitions in the ecosphere. 
The idea of naturally occurring distinctive interfaces is certainly fictional. However, 
the scientific research of ecosystems is not possible without such distinctions. 
Therefore the differentiation of ecosystems merely has a practical function and is 
carried out in accordance with the problem or the objective of the investigation. In 
this chapter, the problem is one of understanding the temporal dynamics of forest 
ecosystems under the influence of anthropogenic environmental changes (emissions 
or climatic changes) and management. In this context the spatial reference is the 
area being managed (compartment) and the temporal reference is centuries to mil- 
lennia. 

An ecosphere is commonly considered to be any space on the earth inhabited by 
life forms (Schaefer, 1993). In this chapter, ecosystems are considered as three- 
dimensional sections from the ecosphere, which are characterized by a certain 
structure and a specific energy, material cycle, and budget. A constituent part of 
these ecosystems are a priori all organisms as a whole. 
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From the abiotic environment of the organisms, those variables that show inter- 
relationships with organisms (organism-dependent variables with feedback) have to 
be included in the system. On the basis of these criteria the soil solution including 
its material content, representing the reaction vessel of the ecosystem for the turn- 
over of mineral substances (ions), has to be considered as a component of the 
system: The element concentrations in the soil solution are highly dependent on the 
sink function of the roots and the source function of the mineralizers (microor- 
ganisms in the soil). The suction of the soil water and the ion activities in the soil 
water (soil solution) also define the chemical environment of the roots and the 
microorganisms. Thus, changes in the element concentrations of the soil solution 
considerably influence plants and microorganisms. The soil solution also undergoes 
chemical reactions with the mobilizeable element pool at the surfaces of the soil 
solid phase; the element concentrations in this pool are thus also organism depen- 
dent, consequently, this pool is also a system component. The weathering of miner- 
als by contrast is only marginally influenced by the manifestations of living organ- 
isms, so that the ion release due to mineral weathering can be considered as a 
system transgressing input. The dividing line of the ecosystem with the lithosphere 
runs along the mineral surface and has a fractal dimension: The smaller the selected 
scale, even to atomic dimensions, the greater the surface area. 

The element concentrations in the hydrosphere and atmosphere at a selected 
point in time are considered to be independent of the condition of the forest ecosys- 
tems in the time scale defined, and are presumed not to be anthropogenically 
influenced. Therefore the hydrosphere and the atmosphere, as well as the 
lithosphere, are constituents of the environment of the ecosystem. 

Boundary layers exist, either as gases or solutions, to the atmosphere (tro- 
posphere) and to the soil solution at the surface of organisms. Within these bound- 
ary layers, which result from sink and source functions resulting from metabolism 
of the organisms, gradients of the chemical potential and temperature are formed. 
The soil air as a whole can be considered as a boundary layer. The steepness of these 
gradients decides whether the dependency of the material and energy fluxes from 
the gradients is linear (in case of flat gradients) or nonlinear (in case of steep 
gradients). In the case of linear fluxes the subsystems concerned may come close to 
the thermodynamic equilibrium, whereas for nonlinear fluxes a greater distance 
from equilibrium is to be expected. In Section 2.4.4 this criterion is used to define 
the attractor function of a flux equilibrium. 

The surface of organisms exposed to the atmosphere and the soil solution also 
have a fractal dimension; its size is not defined. Dependent on the spatial-temporal 
dissolution of the observed flux (e.g., root uptake of water or nutrients), calcula- 
tions are possible with fictive surface areas. 

In terms of mathematical system theory, a specific forest ecosystem is defined by 
a specific set of state variables. These state variables are (Ulrich, 1987): 


e The species of primary producers that use sun radiation as an energy source 
and carry out photosynthesis. In forest ecosystems, trees and ground vegeta- 
tion are the most important components. Besides species composition the 
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vitality of species is an important qualitative aspect of the state. An example is 
the use of leaf loss as an indicator of forest decline (see also Section 2.3). 

e The species of secondary producers that use organic matter as an energy 
source. In forest ecosystems, decomposers (soil animals, microorganisms, 
etc.) and herbivores, as well as plant pathogens, are of major importance. 

e Dead organic matter including soil humus as an energy source for decom- 
posers. 

e The soil solution with the dissolved ion pool as the soil compartment that is 
directly influenced by the sink and source functions of the organisms. 

e The mobilizable material (ion) pool bound on surfaces of the solid soil phase 
and in soil organic matter that tends to equilibrate with the soil solution and is 
thus indirectly dependent of the activity of the organisms. 


Since ecosystems are not homogeneous, state variables vary in space and time. 
Ecosystems are thus defined by mean values of state variables (species composition 
or soil state) and their variance in space and time. In practice, forest ecosystems are 
defined in the following three ways by the vegetation type (plant association), by the 
humus form as an indicator of the decomposer association, and by the soil type. The 
chemical state of the soil does not always show up in the soil type, however. Thus 
the soil type may be a unreliable indicator of the state of the soil solution and of the 
mobilizable ion pool. 

The environment of a forest ecosystem thus consists of: 


° The atmosphere that is represented by the climate (heat climate, humidity 
climate, chemical climate, and mechanical climate). 

e The element pool that is bound in the interior of soil minerals and being 
mobilized by weathering. This soil environment is often characterized by the 
parent rock of soil formation. From the mineral composition of the soil or of 
the parent rock, weathering rates can be estimated by calculation (Sverdrup 
and Warfvinge, 1988). With this definition, the release of ions by weathering is 
considered as an input into the ecosystem. 

e The seepage water that is leaving the rooted soil and is the main carrier of the 
output of dissolved ions. The seepage water can be collected with suction 
lysimeters below the rooted soil. 

e Neighboring ecosystems. Another ecosystem begins if there is a change in 
state variables exceeding the spatial and temporal variance that is a characteris- 
tic feature for a given ecosystem. 


The term “environment” is also applied to organisms; it then includes the soil 
solution and the mobilizable ion pool in the soil. 

The climate shows a daily, seasonal, and interannual variability. A constant 
climate means that its variance is constant. The variance of the climatic factors 
driving forest ecosystems increases from the humid tropics to the arid and boreal 
zones. The climate affects the ecosystem in two ways. Climatic variance may either 
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change physical and chemical parameters at the surface of organisms or in the soil. 
During phases of high climatic variance, organisms can be directly damaged [e.g., 
by late frost or by wind (wind-throw)]. Such effects correspond to disturbancies of 
the ecosystem. 

The soil minerals, as the soil environment of the ecosystem, degrade by weather- 
ing at a slow rate. This process is irreversible. If the variance of the climatic factors 
is not too large, forest ecosystems may succeed in retaining the nutrients released by 
weathering in the mobilizable pool within the rooting zone. A characteristic feature 
of such ecosystems are soils with Bv or cambic B horizons. Such soil horizons 
reflect the formation of a 2:1 layer of clay minerals with a high cation echange 
capacity caused by weathering. Also, nutrient input from the atmosphere, especially 
nitrogen, may be retained in the ecosystem. This retention can result in a gradual 
increase of productivity and species richness up to a certain level, which is deter- 
mined by the climate (climax stage; cf. Section 2.7, aggradation phase). In the long 
term, however, the weathering rate, and thus the input of nutrients into the system, 
slows down according to the decrease in mineral content of the soil and will finally 
cease. This change in the below-ground environment of the forest ecosystem can 
result in its degradation (see Section 2.7). 


1.2. Ecosystem Processes 


At an ecosystem level all processes that are influenced by the activity of organisms 
have to be considered. This includes biochemical and physiological processes as far 
as they have an influence on the vitality of an organism. This characterization of 
ecosystem processes allows exclusion of the basic physical and chemical processes 
whose nature is not influenced by the manifestation of life. The most interesting 
interactions are between organisms and their environment. These interactions occur 
through energy and material fluxes at interfaces. The fluxes change intensive state 
parameters at the surface of the organisms like temperature or chemical potentials 
(approximated by concentrations) of materials, which carry specific information. 
Energy and material fluxes are therefore connected with fluxes of information. 
Fluxes are the result of ecosystem processes. The measurement or calculation of 
fluxes requires the definition of a measuring plane through which the flux passes. 
These measuring planes represent interfaces. Interfaces exist between organisms 
and their abiotic environment (atmosphere or soil solution) and between different 
organisms. The interfaces between organisms are described by the type of interac- 
tion between populations (commensalism, symbiosis, competition, consumption, 
parasitism, and predation). Additional interfaces have to be defined between the soil 
solution and the mobilizable element pool at the surface of the soil solid phase, as 
well as between the seepage water and hydrosphere. For terrestrial ecosystems the 
interface to the hydrosphere is placed at a level in the soil below the rooting zone, 
where by use of mathematical simulation models (e.g., Hauhs, 1985; Mander- 
scheid, 1991), the seepage water output can be calculated and seepage water can be 
collected with lysimeter techniques for chemical analysis (Meiwes et al., 1984). 
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1.3. Relevance of Hierarchy Theory 


Hierarchical structures were identified in ecosystems by various research groups 
(e.g., Pickett et al., 1989; Lenz and Schall, 1991). O’Neill et al. (1986) discuss the 
fact that all complex systems, including ecosystems, appear to be hierarchically 
structured as a natural consequence of evolutionary processes on thermo- 
dynamically open, dissipative systems. In applying hierarchy theory to ecosystems, 
the authors have generally focused on the compartments and not on process (e.g., 
the hierarchy of cell, tissue, genotype, population, biocenoses, ecosystem, and 
landscape; Pickett et al., 1989). O'Neill et al. (1986) attribute a dual hierarchical 
structure to ecosystems based on the two pillars of population and function. Pickett 
et al. (1989) seek the respective minimal structural unit (minimal structure) where 
disturbances become effective. Disturbances on level —1 of Table 10.1 are visually 
noticeable. Focusing on certain issues and on subsystems lead to the conclusion that 
hierarchies differ considerably, depending on the problem to be investigated. 

The hierarchy theory gives general information concerning the relationships 
between the different levels of a hierarchy. This general information is exemplified 
by a figure from Miiller (1992; Fig. 10.1). A section of a system is presented 
showing the hierarchical levels +1, 0, and —1 with an increasing spatial-temporal 
dissolution corresponding to doubling the number of holons. 

Holons represent the fundamental units of hierarchically structured systems. 
Holons are self-organizing, autonomous entities, and are also part of superior orga- 
nizational units. These entities include all subordinate subsystems. The spatial 
extent of the holons decreases with declining hierarchical levels, the rates of the 
processes increase (cf. Fig. 10.1). The interactions between the components of a 
holon are strong, whereas the interactions between holons of the same level are 
weak. Assymetrical relationships exist between holons of different levels (+ 1/0, 
0/— 1). The superior level constrains the subordinate level; it determines the bound- 
ary conditions for the activities of the holons of the subordinate level. Each level in 
the hierarchy can be overridden by the next higher level; it is under the constraint or 
control of the next higher level. The effects of the subordinate on the superior level 
are weak as the superior level is able to tone down or buffer the effects. Therefore, 
the effects of the subordinate level on the superior level are described as signals, and 
the ability to tone down the signals is described as filtering. The superior level 
appears as a barrier against the effects of the subordinate level. Each level of the 
hierarchy corrects for errors or inefficiencies in the levels below. 

This type of interaction between hierarchical levels is characteristic for stable 
systems close to a steady state or flux equilibrium. In nonstable systems the signal 
filtration diminishes and the hierarchy can collapse: The effects of the subordinate 
level on the superior then assume the characters of constraining parameters that 
cause change at the superior level. This can result in fluctuations and changes in the 
system. 

The ability of the forest ecosystem to filter signals from the subordinate level 
results in its “resistance against deviations” (Webster et al., 1975), it gives the 
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TABLE 10.1. Temporal and Spatial Scale of Processes in Forest Ecosystems 
Response 
Level Process (holon) Time Compartment Pattern 
+4 Macroevolution >Millenia Continents Species formation 
and extinction 

+3 Succession or Centuries Landscape Transition phases of 
management ecosystems 

+2 System renewal Centuries Ecosystem Stability phases 

+1 Stand development Decades Stand Age class, material 
(storage change of (ecosystem budget of the soil 
biomass and section) 
humus) 

0 Material cycle Year Tree + Material budget of 
neighbors the ecosystem 

—| Growth processes Weeks to Tree + ground Branching 
(leaves, fine roots, Months vegetation + above-/below- 
fruits, wood) soil horizons ground, foliage 

=j Population dynamics Humus form, soil 
(decomposers, fabric 
phytophages) 

-A Physiological Hours Leaf root Carbon and ion 
processes allocation 
(assimilation, 
uptake) 

2 Mineralization Days— Aggregate Soil water chemistry 

Weeks 

-3 Biochemical Seconds to Cell Biochemical pattern 
processes Minutes 

=3 Soil chemical Mineral Buffer range 
processes surface heterogeneity 


ecosystem elasticity against perturbations. In this chapter the term elasticity is used 
to express the ability of signal filtering and buffering at the various hierarchical 
levels. 

The forest ecosystem is hierarchically structured according to the time scale of 
process categories (see Table 10.1). The spatial units are defined in which the 
processes occur. A holon is thus defined as a specific process that takes place in a 
specific spatial unit of the ecosystem. A hierarchical level is defined as the sum of 
holons in a specific process category. The sum of holons at each hierarchical level 
represents the whole ecosystem. 
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Spatial extent: high 
Holon Level +1 Time constants: slowly 


small connectance 
high connectance 


Filter 


Spatial extent: low 
Time constants: quickly 


Fig. 10.1. Some characteristics of hierarchical structures (adapted from Müller, 1992). 


The processes are initiated by a change in physiological or ecosystematic condi- 
tion. These processes run their course until a new process-characteristic condition is 
reached and then subsides. Reinitiation is brought about by a further change of the 
condition. These changes can be caused by environment dynamics (e.g., the 
day/night rhythm or the seasons), or by ecosystem dynamics (e.g., due to aging and 
regeneration of system elements). The duration of the process from its initiation to 
its subsidence after the new condition is reached (response time) is selected as the 
time scale. 

A specific process can run its course in a variety of performances and can lead to 
a variety of results. Nutrient uptake, for example, can take place with different 
nutrient ratios, which may result in different kinds of nutrient deficiencies. Nutrient 
deficiencies or the nutrient content in leaves are the patterns in which the perfor- 
mance of nutrient uptake shows up and can be judged. The kind of patterns that 
allow us to decide on the performance of processes are also indicated. These 
conclusions represent a very important tool for ecosystem analysis and modeling. 
Extensive information on these patterns is already available, especially from the 
scientific branches of physiology, morphology, ecology, soil science, forest nutri- 
tion and geobotany. 


1.4. Relevance of Processes With Positive Feedback 


To organisms, ranges of physicochemical parameter constellations can be associated 
with ranges where they can adapt and where they can be vital or at least can survive. 
These parameter constellations include, for example, temperature, light, soil param- 
eters describing water, oxygen, nutrient, and acid-base status. The parameters 
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involved are subjected to continuous changes. These changes are due to the variance 
of the climate as well as to ecosystem internal processes. It is hypothesized that 
stress results if the rate of change of the parameter constellation exceeds the ability 
of the organism to adjust to the changes. Even if the change remains within the 
range of vitality, the organisms may be subjected to stress. The adaptability is 
genetically controlled. Genotypes reflect the experiences of a species with respect to 
the rate of variation in their environment. If a parameter changes at a constant rate 
(i.e., the system is linear with respect to this parameter), and if the change is a 
component of the experience of the genotype, than the preconditions for a sufficient 
rapid adjustment are good. The situation is worse if a parameter of ecological 
significance changes exponentially due to positive feedback. The probability in- 
creases that the rate of adjustment is smaller than the rate of parameter change, 
therefore resulting in stress. Stress can result in diminished vitality. With respect to 
such a process, the system is in the range of nonlinearity. 

This concept includes the possibility that organisms may recover from stress (a) 
if the process with positive feedback levels out and (b) if the parameter constellation 


increase of 
phytomass 
production leaf area 
index 


acidification 


of soil 


rate of 
biomass 
production 


bifurcation t 
point 


type A: transition into steady growth (e.g., transition from 
pole stand to timber tree) 


type B: breakdown of the population 
Fig. 10.2. Autocatalytic character of the growing up of plant stands. 
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remained within the range of vitality. Organisms with diminished vitality are less 
resistant to pathogens, less effective in competition, and less able to withstand 
enemies. 

Growth processes (Fig. 10.2) are familiar examples of nonlinearity. These pro- 
cesses are described by S-shaped curves. The exponential part of the curve is due to 
positive feedback. The growth of populations is connected with changes in the 
physicochemical conditions in their environment. Also, these changes increase 
exponentially. Periods of exponential growth can therefore lead to the situation 
mentioned above: The vitality of the population, or of a part of it, may be dimin- 
ished. The ability of the organisms of low vitality to filter the signals from the 
subordinate level may be exhausted. In this case the hierarchy is broken and the 
subordinate level constrains the superior level. Such a situation corresponds to a 
bifurcation point: A small environmental (e.g., climatical) effect, which is within 
the variance of the environmental factors, can have enormous consequences for 
specific components of the system. The population may begin to fluctuate. If it is 
the tree population, the system may be subjected to change. 


2. SPACE AND TIME SCALES OF THE PROCESSES 
IN FOREST ECOSYSTEMS 


In Table 10.1 the process categories that can be differentiated in forest ecosystems 
are ordered and compiled according to their reference to time and space. In Table 
10.2 the constraints and signals acting between the hierarchical levels are summa- 
rized. 


2.1. Hierarchical Level —3: Biochemical and 
Soil Chemical Reactions 


Biochemical reactions (space reference: cells and cell organelles) and soil chemical 
reactions, such as the binding of water or cation exchange (space reference: surface 
of clay minerals and humus substances), are the processes of the shortest duration 
(seconds to minutes). These processes, biochemical as well as soil chemical reac- 
tions, represent the interfaces between the ecosystem and its environment. The 
signals that reach the ecosystem from its environment are represented by changes in 
physicochemical parameters like temperature, concentrations of materials in air, 
and concentrations of materials (including water) in deposition. The patterns, from 
which the type of process can be identified, are of a chemical nature (e.g., bio- 
chemical parameters). 

The ability to filter environmental signals (temperature and concentrations of 
materials in environmental media) at the level of biochemical reactions is of primary 
importance with respect to the elasticity of the ecosystem against the variance of the 
above-ground and below-ground environment of the organisms. This aspect of 
elasticity will not be discussed, however. 

In the soil the processes are initiated by a change in water content (water flux) or 
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TABLE 10.2. Constraints and Signals of Plant Related Processes in Stability Phases 


Levels Constraint Process Signal 
+4 Adaptation, fitness Evolution 
u al nn = a ee u 
+3 Species composition Succession or Vitality decrease 
management and 
planting 
Co 
— 
+2 Regeneration System renewal Soil change 
>. _ 
+1 Storage change of Growth, utilization, Senescence of 
organic matter humus accumula- dominating trees 


tion/decomposition 


— — — 


0 Steady nutrition Material cycle Decoupling 
hie e _ 
a 
Ai Leaf a T of organs Litter production, 
number of root tips, (leaves, fine roots, litter quality, 
xylem area fruits, wood) increment 
oy — — 
ie eee 
=2 Photosynthetic Assimilation Availability of 
capacity, water/nutrient assimilates 
nutrient/ water uptake 
uptake Be S 
SS 
=3 Biochemical reactions Stress hormones 
=3 Soil water equilibria Soil water potential 
=3 Soil chemical reactions Chemical potentials in soil 
water 


Solid arrows represent constraints, broken arrows represent signals. 


the ion concentration in the soil solution (diffusion, cation exchange, adsorption— 
desorption, dissolution, and precipitation). Such changes can be caused by inputs 
and by the sink and source functions of the organisms. 

Patterns: The buffer range (Ulrich, 1981a) provides comprehensive evidence 
about the chemical reactions that are occurring. Different soil horizons can belong 
to different buffer ranges. Even within morphologically uniform horizons differ- 
ences in the chemical condition of the soil may occur within small areas. The 
pattern is therefore manifested in the spatial distribution of the chemical condition 
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of the soil. Different scale ranges can be distinguished (macroscale: within a soil 
form; mesoscale: within the rooting zone of a tree; microscale: within the rhizo- 
sphere or the soil aggregates). Changes in the chemical soil condition start in the 
microscale range and continue in case of a continuous driving force in to the 
superior scale ranges. Such a development is connected with the buildup of chemi- 
cal gradients in the soil. The existence of chemical gradients at the microscale can 
be used to indicate the change tendency to which the soil as a whole is subjected. In 
forest soils a drift towards acidification as a result of acid input is apparent in the 
selective acidification and the nutrient depletion of the macropore walls (Horn, 
1987; Hildebrand 1990, 1992). This example shows that surveys of the soils chemi- 
cal heterogeneity can serve as early ecological indicators of the chemical change in 
the plant roots surroundings, decomposers, and mineralizers. 

Elasticity: The soil stores water and compensates for the very irregularly occur- 
ring precipitation. It further serves as a reaction vessel in which the activities of the 
primary producers and secondary producers are coupled. Similar to water, the soil is 
also able to compensate spatial and temporal decoupling in the material cycle of 
nutrients and bases. Important parameters in this respect are the storages of mobiliz- 
able nutrients and the base saturation of the exchange complex. The quality of a soil 
is estimated by its balancing function in the water and ion cycle. 

Constraints: The hydrological and chemical state of the soil is constrained by the 
environment (input of water, ions, and acidity) as well as by the sink and source 
functions of organisms (plant uptake, and mineralization). 


2.2. Hierarchical Level —2: Sink and Source Functions of 
Organisms 


The sink and source functions of the organisms are manifested in the assimilation 
and element uptake of green plants, as well as in the decomposition and microbial 
mineralization of organic substances in the soil. 

Assimilation and water-ion uptake by plants: According to Table 10.1 and 
Figure 10.1, for ecosystem internal regulation the hierarchical level —2 constrains 
the biochemical processes and the soil hydrological and chemical processes, both of 
level —3 (the level —3 is also constrained by inputs from the environment). Re- 
sponse time: Photosynthesis and the water and nutrient uptake of plants subside 
after the closing of the stomata, thus exhibiting a diurnal rhythm. The space refer- 
ence is given by the respective organs, namely, leaf and root, and integrates about 
the spatial units (cells) at the lower hierarchy level. The patterns show up in the 
allocation of the assimilates, and ultimately in the growth of the different plant 
organs. While at the stand level the production of leaves varies very little from one 
year to another, radial growth often reflects the climatic conditions for photo- 
synthesis. The unknown factor is still the consumption of assimilates in the fine root 
system, which is not yet quantifiable. With respect to photosynthesis, biochemical 
signals indicate the necessity for adaptation to changing environmental conditions, 
which is provided by physiological mechanisms like stomata regulation (elasticity). 

The patterns of water uptake show up in the water status of the plant, as mea- 


364 ULRICH 


sured by the leaf water potential, and in the water status of the soil (soil water 
potential). The soil water potential (level —3) is also influenced by environmental 
inputs such as rain and represents a signal from level —3 to level —2. Elasticity is 
provided both by physiological mechanisms (regulation of transpiration) and by the 
soil’s capacity to store water. 

The ion uptake by roots leads to a formation of gradients in the nutrient and acid— 
base status in the rhizosphere (soil surrounding the roots) at level —3, which act as 
signals. Methods for a determination of the spatial heterogeneity in the rhizosphere 
are being developed. Signals of acid load are represented by the concentrations of 
protons and cation acids like Al, Mn, Fe, and heavy metals and their ratios to 
nutrient cations (Ca, Mg, or K) in the soil solution. A temporally integrated pattern 
of ion uptake is provided by the element contents and element ratios in plant organs, 
particularly in leaves (indication of nutrient status; Bergmann, 1988). Extreme 
nutrient deficiency becomes apparent in a characteristic coloring of leaves. Patterns 
of this kind are used for diagnosis, and also as an additional characteristic (yellow- 
ing as a result of magnesium deficiency) for the evaluation of forest damage. With 
respect to nutrition, elasticity is provided by the ability of the plant to take up 
nutrients selectively or in surplus (luxury consumption), to use older needle classes 
as nutrient storage, to eliminate surplus ions by leaf fall, and by the storage capacity 
of nutrients in soil. Plant species differ greatly in their physiological tolerance with 
respect to acid load. In Norway spruce the principal mechanism of Al toxicity is the 
displacement of divalent cations in the root apoplast (Godbold, 1991). Since acid 
stress acts on the fine root, the patterns are also located there (element contents and 
ratios as indication of acid—base status; Murach and Wiedemann, 1988). Soils with 
base saturation greater than 15% can usually buffer an acid input to the soil solution 
by cation exchange, the soil solution may return to weak alkalinity. Acidifying soils 
may, however, exhibit great spatial heterogeneity with respect to base saturation (cf. 
Section 2.1). 

Microbial mineralization: Response time: The duration of mineralization pushes 
triggered by a sudden occurrence of suitable substrate and more favorable conditions 
in the environment (e.g., rewetting of a dried soil) depends on the quality of the 
substrate. The easier this can be utilized, the faster the autocatalytic growth of the 
bacteria population and the depletion of the substrate takes place. A mineralization 
push is more likely to last for several weeks than for only a few days. The reference 
to space is determined by the local occurrence of the substrate. Most of the bacteria 
depletion takes place after plant parts are broken down due to grazing by animals 
(earth worms, enchytraeids, or arthropods; constraints of level —1) in the then 
formed soil aggregates or in animal droppings. In older aggregates the microbial 
biomass is accumulated at the aggregate surface (Augustin, 1992). The excretions of 
roots and dead fine roots are a further substrate. The space reference is thus given by 
soil aggregates and the rhizosphere, which again integrate about the space units of 
the lower hierarchy level. 

Patterns: Under laboratory conditions mineralization can be observed in the 
formation of carbon dioxide (CO,) and the heat development. In forests, mineraliza- 
tion is reflected in the chemical change of the soil solution (increase in nitrate 
concentration, decrease in alkalinity; Ulrich, 1981b). The space and time reference 
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suggests that under favorable temperature and moisture conditions the mineraliza- 
tion varies according to animal activity. Investigations of the soil solution support a 
high element dynamic in a small spatial area triggered by mineralization pushes, 
which can be vertically perpetuated (Raben, 1988) by the shift of seepage water 
(mechanic dispersion). Microbial populations are themselves a food resource for 
decomposers (level —1) and products of their metabolism may act as signals. 

Elasticity: Evolution has led microbial populations to have an enormous 
adaptability to different nutrition resources and different environmental conditions. 
In forest ecosystems with aerated soils, a flux equilibrium between litter production 
and mineralization of organic matter can be reached under all circumstances. As a 
consequence, soil organic matter accumulation always tends to approach a finite 
value that depends on environmental and ecosystem conditions. 


2.3. Hierarchical Level —1: Seasonal Growth Processes 


On a time scale of weeks or months the growth processes of plants, which are 
responsible for the formation of leaves, fine roots, blossoms, fruits and wood, as 
well as many population dynamic processes in animals, take place. Among the 
fauna the reducers (decomposers) together with the subsequent food chains, and 
sporadically the consumers (herbivores), are of particular importance. The spatial 
reference is given by the tree and the area marked by its crown, which is divided 
into strata (tree layer, shrub layer, herb layer, moss layer, and soil horizons). The 
spatial integration covers the different populations in a three-dimensional section of 
the ecosystem. Much information exists on climatic effects (external constraints) 
and ecosystem internal constraints for the population dynamics of plant pathogens, 
which will not be discussed here. 

Patterns and elasticity of growth processes of plants: The signal from level —2 is 
the availability of assimilates. On this signal, trees can react through a high flex- 
ibility in the allocation of assimilates (e.g., limitation of wood formation). When 
trees form their organs, they follow a certain pattern from which it is possible to 
detect disturbances in the organ formation. In the absence of disturbance, the above- 
ground and below-ground branching follows a species specific construction scheme 
(broad-leafed trees and pine: Roloff, 1989, coniferous trees: Gruber, 1992). Devia- 
tions from the construction scheme point to disturbances. With respect to the 
branching pattern Roloff differentiates between exploration, degeneration, stagna- 
tion, and resignation phases as vitality stages that may comprise time spans of 10 or 
more years. Gruber differentiates chronic and acute stress effects as well as regener- 
ation characteristics. The interpretation of the branching pattern in the root zone is 
still under investigation (Puhe, 1994). The ability to adapt to adverse soil conditions 
and to their changes is even greater in the root system than for the above-ground 
branching. Changes in the growth of the tree height and in the width of the annual 
rings provide a basis for more far reaching estimates of stress load. For nonannual 
flowering tree species the initiation of bloom is also influenced by the environment; 
although, the causal relationships were not clarified conclusively. Overall, these 
patterns allow differentiating and integrating statements to be made about the vital- 
ity of a tree, even those that occurred many years ago. Nevertheless, the forest 
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damage inventory still relies on a much less differentiated pattern for assessment, 
namely, the loss of leaves (crown thinning). Leaf loss does not allow us to draw any 
conclusions about its causes or about the vitality of the tree to overcome the acute 
stress situation that is indicated by the leaf loss. 

Leaf area (photosynthesis), number of root tips (water and nutrient uptake), and 
xylem area (water flow to the canopy) are examples of how constraints are exerted 
on the level —2. 

Population dynamics of soil animals: By degrading plant litter, creating special 
environments for microbial populations in their droppings, and utilizing microbial 
populations as a food resource, decomposers constrain the microbial processes of 
mineralization. 

Patterns and elasticity: In the course of ecological discussions, the population 
dynamics of soil inhabiting animals were greatly ignored. The population dynamics 
of decomposers is connected with the availability of the nutrition resources, thus 
they should reflect the dynamics of the processes involved in decomposition. In 
terms of the seasons, correlations between the course of decomposition and environ- 
mental factors were clearly demonstrated, whereas these correlations could not be 
found for the short-term dynamics of decomposition processes. The nature of the 
equations by which the development of populations can be described (e.g., the 
logistic equation) suggests that the population dynamics of decomposers, and con- 
sequently the decomposition process itself, shows chaos by way of determinative 
feedback: It is not possible to determine the initial conditions so precisely that the 
course of the process is predictable on the basis of initial and boundary conditions. 
A species can respond to fluctuations in the condition of the environment not only 
by changes in the population structure but also by adaptation of its patterns and 
physiological performance. Commonly, other species take over available niches and 
thus compensate the effects at the process level. Different patterns of behavior or 
similar patterns of behavior, respectively, can induce different effects (Wolters, 
1989). It was suggested that spatial and temporal heterogeneity in the soil contrib- 
utes to the compensation of local and seasonal differences in the performances of 
soil inhabiting animals (Wolters, 1991). This pattern also shows the possibilities, at 
the population level, of the ecosystem to compensate for a chaotic condition. We 
attempt to recognize patterns in order to determine trophically similar species 
(guilds) and food chains (Schaefer, 1991). Food chains are generally reflected in the 
humus form, which can therefore serve as a morphological pattern (mull: dominant 
role of soil burrowers; moder: dominance of arthropods; raw humus: low biological 
activity, by microorganisms, a dominance of fungi). The mixing activity of soil 
burrowers in mull increases the elastic properties of the soil. Bioturbation is of great 
significance for minimizing spatial heterogeneity in the soil. 


2.4. Hierarchical Level 0: Material Cycle 


In the preceding hierarchical levels, the observed processes take place within or 
between subsystems. Only at the level of the material cycle does the behavior of the 
entire ecosystem come into perspective. At this level theoretical approaches used to 
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describe the state of the ecosystem, and not only its special components, must be 
discussed. 


2.4.1. Material Budget Equation 


At the level of the material cycle all organisms can be aggregated into two function- 
al groups, the effects of which are mutually counterbalanced (Ulrich, 1981b, 1987): 
primary producers that can form organic substance from inorganic substances by 
utilizing the energy of the sun, and secondary producers that utilize organic sub- 
stance as an energy resource. The role of organisms in the material budget of 
ecosystems can be described by the material budget equation, which combines the 
material turnover of the primary and the secondary production. In its simplest form, 
the turnover can be described by the following balance equation (10.1): 


Forward reaction: | — photosynthesis and ion uptake: primary production, forma- 
tion of phytomass 
Backward reaction: < respiration and mineralization: secondary production, 
mineralization of organic substances 


CO, + H,O + xM* + yA + (y = x)H* +h= CH,OM,A, + O, (10.1) 


where x and y represent stoichiometric coefficients, M+ is a cation, and A- is an 
anion of unit charge. The compound CH,OM,A, represents the primary and second- 
ary producers, as well as litter and soil organic matter, which constitute the entire 
organic matter in the ecosystem. The cations M+, the anions A~, and the protons 
H+ are present in the soil within the dissolved and mobilizable ion pool. The 
material budget equation is a broadening of the assimilation or respiration equation 
by the addition of cations M+ and anions A- taken up into or released from the 
organic substance. As the equation shows, the turnover of cations and anions is 
linked to a proton turnover in order to maintain electric neutrality. This turnover 
indicates that the uptake of nutrients into the plant not only results in a decrease of 
nutrients in the soil, but can also lead to a change of the acid—base condition of the 
soil. In general, the plant is able to take up more cations than anions, inducing a 
release of protons into the soil: Due to the production of plant material the soil 
becomes acidified. In the course of the recycling of organic substances by second- 
ary producers apart from the nutrients being released, the protons released due to 
ion uptake are recycled to the effect that the acid—base status of the soil is main- 
tained. 

The ion budget, according to the material budget equation, is the basis for 
calculating acidification or alkalinization of the environment of organisms due to 
their sink and source function for ions. 

On the level of the material cycle, the amount and quality of plant litter and the 
activity of decomposers represent signals that may lead to decouplings of the mate- 
rial cycle. A decoupling means that either the formation (forward reaction) or 
mineralization of organic matter (backward reaction) has a greater rate. A decou- 
pling may also be caused by the variance of the microclimatic conditions that 
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constrain the microbial activity. A decoupling of the material cycle results in a 
change in nutrient concentrations and the acid-base status of the soil solution. 
These signals can pass through levels —2 and —1 up to the level of the material 
cycle again. Part of the elasticity of the ecosystem at these levels is the adjustment 
of the rate of processes like mineralization, nutrient uptake, litter production, and 
decomposition, which make up the material cycle. On the level of the material cycle 
the elasticity is thus guaranteed by negative feedback loops involving the levels —1, 
—2, and —3. This elasticity may be demonstrated by two examples. First, a greater 
rate of mineralization indicates that at the level of the ion cycle there is an acidifica- 
tion push and a surplus of nitrate and other nutrients in the soil solution. This 
constrains (increases) plant growth (level —1), nutrient uptake (level —2), and 
consumes protons (level —3). Thus, the system is shifted towards a balanced ion 
cycle and a neutralization of the acidity created during the acidification push. 
Second, a higher rate of plant growth indicates that at the level of the ion cycle there 
is a deficiency of nutrients in the soil solution. This constrains (limits) nutrient 
uptake and plant growth. Again, the system is shifted towards a balanced ion cycle. 

The patterns are represented by the material budget of the ecosystem, that is, the 
input—output relationships. Examples of material budgets from case studies are 
given by Ulrich (Chapter 1). 


2.4.2. Application of the Mathematical System Theory 


Ecosystems are open systems that exchange energy and materials with their environ- 
ment. On the level of the material cycle ecosystems can be described as dynamic 
systems in the sense of the mathematical system theory. Dynamic compartmental 
systems E are defined by the quintupel 


E=(u,y,x,f,g)  Ludyck, 1977 (10.2) 


where u represents the input vector, y is the output vector, x is the state vector, f is 
the transfer function, and g is the output function. In addition, the “state of rest” of 
the system, which is comparable to an equilibrium state, has to be defined. 

The input vector consists of all independent variables that have an influence on 
components of the state vector. The output vector consists of all dependent variables 
that connect the system with its environment, and that in turn are influenced by the 
input. The state vector represents all state variables of the system that are influenced 
by the input. The transfer functions allow calculation of the change in state variables 
due to an input. The output function allows the calculation of the output as a 
function of changes in state variables. 

The state variables are defined in Section 1.1. The input and output vectors 
consists of energy and materials. It is impossible to assess the input and output 
vectors totally. The problem is solved by specifying the aim of ecosystem analysis: 
A target has to be defined, and those variables (inputs and outputs) must be selected 
that cannot be neglected with respect to the target. All variables excluded are in 
practice set to zero. With respect to many aims of forest ecosystem analysis of 


PROCESS HIERARCHY IN FOREST ECOSYSTEMS 369 


practical importance, inputs and outputs can be measured or assessed with sufficient 
precision to draw conclusions. 

The “state of rest” can be defined by equal rates of the forward and backward 
reaction of the balance equation (10.1). 

The case studies discussed by Ulrich (Chapter 1) show, in agreement with theo- 
retical expectations, that the output of cations with the seepage water is controlled 
quantitatively by the production or the input of mobile anions, and qualitatively by 
the chemical soil state (buffer range). This finding means that the output function 
can be assessed in a first approximation, if the atmogenic deposition is specified 
(scenario) and the soil state is known. 


2.4.3. Flux Equilibria 


The “state of rest,” as defined by equal turnover rates of primary and secondary 
producers, represents a very special condition. If ecosystems succeed in obtaining a 
complete linkage of primary and secondary production, then they would have 
reached steady state (flux equilibrium): They would perpetually be able to generate 
plant material that is recycled within the ecosystem while neither the nutrient status 
nor the acid—base status of the soil would change. The “state of rest” of a forest 
ecosystem is characterized by high turnover rates including the growth and decline 
of organisms, but, if a sector of sufficient size is considered, the variance of the 
state vector with respect to time and space is constant. This characterization repre- 
sents the most extreme form of flux equilibrium and homeostasis that ecosystems 
are theoretically capable of reaching; it is the premise for a temporally unlimited 
continuity of the system. Naturally, the temporal continuity of forest ecosystems is 
finite. The causes are decouplings of the primary and secondary production in space 
and time, which are due to the variance of the climate (temporal decoupling) and to 
the variance of the structure of the ecosystem (spatial decoupling). 

The “state of rest” is thus an ideal state that may never be reached in reality. As a 
consequence the stability of forest ecosystems is time limited. With small rates of 
change forest ecosystems can be persistent for many regeneration cycles, however. 
At the time scale considered (see Section 1.1) such ecosystems can be considered as 
stable. The problem of how the state of the ecosystem (an ecosystem in the stability 
phase or in the transition phase) can be assessed still remains. 

In the “state of rest” the output vector of materials must necessarily be equal to 
the input vector. The measurement of the inputs and outputs can therefore serve as a 
criterion to determine whether the ecosystem is stable, or in which respect it devi- 
ates from flux equilibrium. For example, in flux equilibrium the output of ions from 
the ecosystem with the seepage water and of gases (e.g., N compounds) will be in 
balance with the input of the same element. For this reason the input—output budget 
of an ecosystem is an appropriate means to judge whether the ecosystem is in a 
stable phase or in a transition phase, From the comparison of element inputs and 
outputs it is possible to determine accumulation or loss of materials in the ecosystem 
and in the soil (Ulrich, Chapter 1). Knowledge of changes in soil nutrient and base 
storage allows us to draw conclusions on the changes in physicochemical parame- 
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ters (hierarchical level —3). If the filtering ability of the superior levels for the 
signals from the chemical soil state become exhausted, the hierarchy may be broken 
and a change of the system initiated. 

The material flux budgets are therefore a key to prognosis (Ulrich, 1989a, 1991). 
The methodology to determine accurately the material budget of forest and agro 
ecosystems, as well as that of larger regions (Steiger and Baccini, 1990) has ad- 
vanced enough so that conclusions can be drawn about control factors for the 
ecosystems. 


2.4.4. Attractor Function of Flux Equilibria 


According to the thermodynamics of irreversible processes, steady states, or more 
generally states of a flux equilibrium, act as attractors. Flux equilibria tend to 
maintain the state of the system and are thus a necessary condition for stability. The 
temporal variance of climatic factors (intra- and interannual variability) continu- 
ously induces new signals on the hierarchical level —3. The signals may be strong 
enough to constrain the superior levels up to the material cycle (level 0). At this 
level the effect becomes measurable as a decoupling (deviation of the ion budget 
from zero). Changes in the patterns of population dynamics of decomposers and 
phytophages, as well as in the above- and below-ground branching of trees, includ- 
ing leaf and fine root losses, may be involved. 

This theory states that subsequent to a deviation, ecosystems strive to remain on 
trajectories within the attractor sphere of the steady state or to return to it. The 
attractor function of a steady state is higher, the closer the steady state approaches 
thermodynamic equilibrium. In order to assess stability it is therefore necessary to 
measure the distance of the system from equilibrium. The first question to be 
answered is whether a compartment can be defined in terrestrial ecosystems, in 
which chemical thermodynamics can be applied. 

We consider the turnover of materials in terrestrial ecosystems. In the following 
paragraph we restrict our view to water and ions, since the requirements of water, 
nutrients, and the acid—base status of the soil are the main soil factors influencing 
organisms living in aerated soils. These organisms represent sinks and sources of 
water and ions, and the soil represents the reaction vessel. The soil, and here the soil 
solution, is thus the compartment to which the thermodynamic criteria should be 
applied. In case of primary producers (plants) the water and ion fluxes pass through 
the root surface. Around 90% of the mass of secondary producers is represented by 
microorganisms in the soil, where the water and ion fluxes pass through the cell 
surfaces. The flux of ions and water through root and cell surfaces create gradients 
of chemical potentials in the surrounding soil (e.g., in the rhizosphere). These 
gradients can be used to describe the distance of the soil state from thermodynamic 
equilibrium (cf. Section 1.1). Weak gradients that allow linear relationships between 
the gradients and the fluxes across the surfaces indicate a small distance from 
thermodynamic equilibrium. These gradients result in a simple temporal behavior of 
the system. Plants can adjust to such a behavior, that is, the elasticity of organisms 
is sufficient to filter the signals from subordinate hierarchy levels. Steep gradients 
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indicate nonlinear relationships between gradients and fluxes, great distance from 
equilibrium, and a complex temporal behavior of the system. The variance of the 
climate may induce an exponential change in parameters at the root surface to which 
the organism cannot adjust. This finding indicates that signal filtering has failed at 
this level of hierarchy. 

Depending on the elasticity of the soil (rate and capacity of buffer mechanisms), 
the steepness of the gradients developing in the soil as a consequence of water and 
nutrient uptake (as an example) can differ. For agricultural plants in soils of good 
nutrient and base status it was demonstrated that the rates of nutrient uptake are 
linear functions of the thermodynamic forces (the gradients). Such functions are 
used in mathematical models to simulate nutrient uptake (Nye and Tinker, 1977). In 
general, it can be stated that soils with a good buffering capacity with respect to 
changes in their nutrient, acid—base, water, and oxygen status, (i.e., of high elastic- 
ity) allow a closer approximation to linear fluxes in nutrient uptake then soils of low 
elasticity. Ecosystems with such soil properties can withstand a greater variance of 
the climate, the feedback loop between the hierarchical levels 0 and —3 can operate 
more effectively, and can more easily avoid the hierarchy break. The steady state as 
defined by the “state of rest” acts as a strong attractor, which is summarized in Table 
10.3. 

Open systems that operate close to equilibrium can organize themselves accord- 
ing to the principle of minimizing entropy production (Prigogine, 1979). Whether or 
not this has any meaning for ecosystems is not known (Ulrich, 1991). 

Nonlinearity of processes in the water and nitrogen cycle: The largest temporal 
and spatial variability exists, even under favorable conditions, for the concentrations 
of nitrogen species (NH,* and NO, ~) in soil solution and for the binding strength of 
water in soil (suction). The relationship between content, suction, and conductivity 
of water in soil are strongly nonlinear, resulting in a strong decrease of water 
availability in soil with increasing water consumption by transpiration. The approx- 
imation to linear water fluxes in soils is therefore restricted to good soil conditions 
(high water storage close to field capacity) and regular precipitation during the 
vegetation period. Since the transport of solutes across larger distances occurs as 
mass flow, nonlinear dependency of water flow from soil suction refers also to the 
flow of nutrients. Plants are more or less adopted to this nonlinearity and its con- 
sequences for water uptake by regulating transpiration through stomata closure and 
decreasing the growth rate (elastic strain) without necessarily being damaged (plas- 
tic strain). 

The nitrogen species in soil solution are only controlled by biological activity and 
not by chemical equilibria in the soil. Nitrate concentrations in soil solution with 
low temporal variation that are sufficient for unlimited plant growth therefore re- 
quire a continuous production of easily decomposable organic matter with a high 
nitrogen content (which may be provided by the ground vegetation), as well as a 
continuous activity of decomposers and mineralizers. Due to the limited buffer 
abilities in soil, resulting in nonlinear dynamics, water and nitrogen are the growth 
factors that often limit the biomass production by primary producers. Even in 
forests of the highest yield class, optimal nitrogen nutrition can double the rate of 


372 


TABLE 10.3. Soil State and Forest Ecosystem Stability 


ULRICH 


Soil State Close to 
Equilibrium 


Soil State Far From 
Equilibrium 


SOIL STATE 


Biological Soil burrowers Missing of soil burrowers 


(mull) (organic top layer) 
Base saturation High Low 
Nutrient storage High Low 
Spatial heterogeneity Low High 
Water capacity High Low 
Aeration Good Bad 
EXAMPLES 


Beech forest on lime stone Tropical rain forest on poor 
Mixed mountain forest on soil 
soils rich in silicates 
MATERIAL CYCLE 
Compensation function of 
soil as store and buffer 


Short circuit, since 
compensation function of 
soil is missing 

STABILITY 
Elasticity in respect to 

weather conditions, to 
biomass utilization and 
to regeneration 


Dry periods, acidification 
pusches, and nutrient 
losses can be buffered by 
the soil 


Ecosystem persistent only 
at minimal climatic 
variability (rain forest) 
and with minimal 
biomass export, since 
buffering in soil is 
missing 


biomass production by primary producers. In agricultural ecosystems, this method 
was used to maximize production. 


2.5. Hierarchical Level +1: Stand Development 


Aging or dying off of organisms and rejuvenation causes a characteristic cyclic 
development of forest ecosystems. These ecosystems pass through phases that are 
characterized by the development of the dominating trees: juvenile phase, thicket, 
pole stage, timber tree, senescence (opening of the canopy), and regeneration. The 
stand development reflects a trajectory on which the system moves. The time scale 
of these development phases are years to decades. The spatial scale can differ 
greatly. In pristine forests of high stability these phases may be restricted to small 
patches (mosaic-cycle concept; Remmert, 1991), the minimum size given by the 
crown diameter of a dominating tree. In forests managed according to age classes, 
these phases are represented in different forest compartments of 10-30-ha size. 
Constraints and signals: The dominant tree layer plays a key role due to their 
regulating function for the stand climate (microclimate). In modern system theory 
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terminology (Haken, 1981), it “enslaves” the other populations in the system: the 
plant populations by regulating light, the decomposer populations by regulating 
temperature, humidity, and the food resource. The dying off of individuals of the 
prevailing tree layer allows sunlight to penetrate to the deeper strata; this affects a 
(micro)climate change, which sets off impulses (signals) for new developments with 
respect to primary and secondary producers. This may result in a shift in species 
composition (regeneration flora or clear felling flora), which is significant at the 
level of system renewal (+2). Connected with the stand development are significant 
changes in the storage of above-ground biomass. The development in the secondary 
producers can lead to a change in the storage of organic matter in the soil. 

Patterns: Morphologically, the process of stand development shows up in the 
development phases mentioned. These phases reflect patterns of the material budget 
of the ecosystem that are of great significance for its stability. In the early phases, 
till the timber tree is reached, the ecosystem can be far from a “state of rest” (closed 
material cycle). At a greater distance from a state of equilibrium is a characteristic 
feature and even a necessary condition to build up new structures (i.e., the timber 
tree). In the initial stages of the stand development the change in microclimate may 
induce organic matter, nitrate, and nutrient cation losses from the soil. In the thicket 
and pole stage phases organic matter accumulation takes place in the biomass and 
eventually even in litter. These changes in organic matter storage in the ecosystem 
are connected with changes in the nutrient and acid—base status of the soil, that is, 
with constraints reaching the hierarchical level —3. The changes in nutrient and acid 
storage in soil can be calculated if the material budget equation is applied, assuming 
that the kind and amount of change in organic matter are known. The material 
budget of the soil allows us to judge the deviation of the ecosystem due to stand 
development from the “state of rest” and thus the risk of destabilization of the 
ecosystem while moving on this trajectory. 

An important aspect with respect to destabilization of the ecosystem is the rate of 
soil change. During the pole stage, tree growth is in its exponential phase (cf. Fig. 
10.2). This means, however, that the cation uptake, and the proton production in the 
soil connected with it, increase exponentially. Acid soils of low nutrient cation 
availability and acid buffer capacity (low elasticity) can lead to a rate of change in 
physicochemical conditions at the root surface to which the roots cannot adjust. The 
consequences can be a hierarchy break that shows up first in root branching and a 
large fraction of subvitale fine roots. In a pole stage, if the total tree population is 
involved, this differentiation into tree classes (dominant and suppressed) can fail. In 
this case the whole tree stand may decline. In the decline secondary stressors (wind, 
wet snow, and droughts) may be involved. The leveling off of the exponential 
growth phase (i.e., the transition of a pole stage in a timber tree) can be considered 
as a bifurcation point in the stand development (cf. Fig. 10.2). 


2.6. Hierarchical Level +2: System Renewal 


The renewal of a forest ecosystem is triggered (signal) by the senescence of domi- 
nating trees or, in the case of managed forests, by tree cutting. Whether the signal 
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leads to regeneration or not depends on the structure of the forest: If there are 
codominant or suppressed vital trees, they may close the gap (elasticity). The time 
scale is in the range of one to several centuries. The spatial scale should reflect all 
stages of stand development characteristic for the ecosystem. In forests managed 
according to the age class principle it is usually impossible to reach this condition 
within an area of comparable site conditions. To construct yield tables (which reflect 
one aspect of stand development), yield science has used a broad ecosystem defini- 
tion with respect to site conditions and has taken its examples of stand development 
from large geographical regions. 

Patterns: Persistence reflects the ability of the ecosystem to regenerate itself. 
During the aging and regeneration phase the impulses for the deviation from the 
“state of rest” (closed material cycle, see Section 2.4.3) due to the variance in the 
ecosystem environment (climate factors) are superimposed by ecosystem internal 
changes of the microclimate. Temporary changes in the species composition of the 
forest floor vegetation are common. In forest ecosystems with high elasticity the 
species that form the dominant tree layer immediately regrow again and the species 
composition of the tree layer remains unaltered. Such ecosystems stay in the attrac- 
tor field of the flux equilibria, which forms during the timber tree phase and can be 
maintained from decades to centuries. By contrast, forest ecosystems with less 
elasticity can undergo a cyclic succession; that is, the initial composition of the tree 
species does not return until after a pioneer phase of other tree species. The boreal 
coniferous forests at the polar tree line, which are exposed to a strong climatic stress 
are an example. Based on Holling (1973) and Webster et al. (1975) the “oscillation 
ability” of forest ecosystems after the regeneration is induced can be described as 
resilience. Highly resilient ecosystems stay in the same attractor field during regen- 
eration, less resilient ecosystems, however, oscillate between different attractors. 
This phenomenon is demonstrated in Figure 10.3. Forest ecosystems can exist in 
different stability phases (I and II), which are characterized by different state vectors 
and by steady states (states of rest) that function as attractors. Autocatalytic pro- 
cesses (positive feedback, see Section 2.7) can force the system to leave the attrac- 
tor field I: The system is then in a transition phase (i.e., in the development towards 
a new attractor II). Transition phases are characterized by changes in state variables 
like species composition, storages in organic matter (biomass and humus), nutrient, 
and acid—base status of the soil. Before changes in the species composition become 
visible, the input-output budget indicates the kind and direction of change in 
storages and soil state. The knowledge of these changes is important in order to 
assess the new attractor field. In a cyclic succession the system can return to its 
previous attractor field. This return is indicated in Figure 10.3 as input controlled 
retrogradation. The input can be due to species immigration (from areas of different 
phases of stand development), to silicate weathering (increase of mobilizeable nutri- 
ent cation storage and base saturation in soil), and to atmospheric deposition (in- 
crease in mobilizeable nitrogen and trace element storage). 

In Figure 10.4 a scheme is given representing the stability and transition phases 
of forest ecosystems (Ulrich, 1987, 1991, 1992). Only ecosystems in stability 
phases are capable of system renewal. A deciding property of the system for it to be 
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Fig. 10.3. Destabilization and retrogradation of forest ecosystems. 


resilience elasticity 


persistent is its elasticity, that is, its ability to filter signals from the subordinate 
hierarchical levels. As pointed out, this elasticity is due to physiological properties 
of the organisms, to the soil state, and to the structure of the ecosystem. These 
various components of elasticity are interrelated. For example, on acid soils plant 
species dominate that are acid tolerant, but often their litter is poorly decomposable. 
These properties of the litter result in the accumulation of an organic top layer in 
which leaf litter decomposition takes place. Thus on acid soils biodiversity is 
reduced in respect to primary as well as secondary producers. A further conse- 
quence is a lower turnover rate of organic matter, as well as nutrients and a simpler 
structure of the ecosystem (tendency for single-layered tree stands). Due to these 
interrelationships the chemical soil state (buffer range) is used in Figure 10.4 as an 
expression of ecosystem elasticity. 

Two steady phases are defined, one with high elasticity (phase 2), one with low 
elasticity (phase 4). These phases represent two maxima of the distribution of 
elasticity. Vegetation science differentiates between forest types on the basis of plant 
associations that vary according to climate and site (e.g., Ellenberg, 1978; Hart- 
mann and Jahn, 1967; Mayer, 1984). The humus form (mull, moder, and raw 
humus) can be used to characterize the kind of decomposer association. These forest 
types correspond to the stability phases 2 and 4 in Figure 10.4. Phases 2 and 4 can 
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Fig. 10.4. Stability and transition phases of temperate forest ecosystems on aerated soils. 


therefore be further subdivided according to the plant association. The senescence 
of the dominant trees forces the systems into an aggradation phase. In case of high 
resilience, the species composition may remain unchanged; this is indicated by the 
ring arrow. If the attractor function of the steady state (the elasticity) is to weak, the 
systems pass over in a transition phase (2 — 3, 4— 5, 4 — 6, see the following 
section). Systems subjected to cyclic succession (systems of low resilience) return 
to the original state (3 —> 2,5 — 4, 6— 4). 
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Stability phase with high elasticity (2): The long-term persistence and high 
resilience of forest ecosystems at high stability enables evolution to develop systems 
of high species diversity (species richness), habitat# diversity (niche structure), and 
genetic diversity (genetic adaptation). The buffer properties of the soil allow the 
system to remain close to the “state of rest” that acts as a strong attractor. The spatial 
heterogeneity of the soil state at the macroscale and the mesoscale, as well as the 
temporal heterogeneity, are low. 

Budget criteria: The output is balanced by atmospheric input and silicate weath- 
ering. Deviations from a balanced budget during the stand development play no 
significant role. 

Stability phase with low elasticity (4): The buffer properties of the soil are 
limited. Extremes of climatic variance, as well as autocatalytic processes during 
phases of stand development, may therefore lead to phases of nutrient losses and 
soil acidification. This condition may result in decreased vitality of species. How- 
ever, the elasticity of the system and the input of nutrients and bases are high enough 
to keep the system within the attractor range. The vitality of the species and 
organisms concerned increases again (recovery) before other species can compete 
successfully. 

If the input of basicity by silicate weathering exceeds the loss by leaching, then 
nutrient storages and base saturation of the soil, and thus the elasticity, increase. 
Over centuries to millenia the system may then be transferred back to phase 2. 

Budget criteria: The output is balanced by atmospheric input and silicate weath- 
ering. The lower the elasticity, the weaker is the attractor function of the flux 
equilibrium. 


2.7. Hierarchical Level +3: Succession and Management 


Succession is considered to be the replacement of one plant association by another, 
induced by climate, soil, or the activities of the organisms themselves (Schaefer, 
1992). Since succession usually takes place in the course of the regeneration of the 
dominant tree layer, succession has the same time scale as system renewal. The 
spatial scale, however, is a landscape that consists of different ecosystems and 
allows the immigration of species. The ecosystem is constrained at this level by the 
competitive power of species. If after a change in the conditions (climate, soil state) 
some species are better adapted to the new environment, succession occurs. De- 
creases in vitality of dominant tree species and an increasing competition by ground 
vegetation, especially in the regeneration phase, are the signals from the subordi- 
nate level (+2, system renewal). Perturbations (e.g., by fire, wind-throw, or anthro- 
pogenic biomass utilization) represent signals from the environment that can also 
trigger succession. 

In managed forests, the change in species composition is man-made and caused, 
for example, by grazing, burning, thinning, clear felling, planting, and cultural 
operations. Since no later than the Bronze age, one half of the postglacial quaterna- 
ry, mankind has had a far reaching influence on forest ecosystems. The unintended 
triggering of succession by utilization of the forests was followed by the artificial 
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regeneration of tree stands by sowing or planting (for the first time in the fourteenth 
century in the Nürnberger Reichswald and on a large scale since the nineteenth 
century). Forest management can initiate the transfer of forest ecosystems into 
transition phases, but it can also stabilize forest ecosystems, that is, help to maintain 
them in an attractor range. Afforestation of bare land not only initiates a forest 
ecosystem, but also the whole process chain that is connected with stand develop- 
ment and which can, depending on the kind of forest, destabilize the system (cf. 
Section 2.5). 

Patterns: According to the ecosystem definition given in Section 1.1, soil 
changes indicate succession and may often be an early indicator of vegetation 
changes. The change in species composition of plants is the last stage of a succes- 
sion process. During this process the ecosystem is in a transition phase (cf. Fig. 
10.3). The trajectory on which the system moves may not lead directly to the new 
attractor range. The forest types of a continent reflect the pattern that succession 
may lead to, if the climate or the soil is subjected to change (displacement of 
vegetation zones). The dependence of forest types on the soil conditions shows the 
significance of changes in the soil conditions needed for succession. 

The changes in the storages (increases or decreases) of biomass or necromass 
(dead wood, litter, or soil organic matter) in the system are a characteristic of 
transition phases. These characteristics are the consequence of changes in the 
growth rates of plants or to changes in the population dynamics and activity of 
secondary producers, mainly decomposers and soil microorganisms. Such changes 
result in changes of nutrient storages and the acid—base status of the soil that can be 
calculated applying the material budget equation. 

According to the hierarchy theory, transition phases are characterized by the 
break of the hierarchy: The elasticity is exhausted and the signals from the lower 
hierarchy levels determine the development of the system. 

The transition phases shown in Table 10.2 can be distinguished on the basis of 
organic matter storage changes in the ecosystem (Ulrich, 1987, 1991). 

Aggradation phase (1): If a forest ecosystem is initiated, it starts with an ag- 
gradation phase. The extreme case is the development of forest ecosystems after a 
glaciation on fresh glacial or periglacial sediments. The biomass accumulation 
should be limited by the availability of nitrogen, this increases slowly by deposition 
and fixation. The weathering rate of silicates is high as long as there are still easily 
weatherable silicates present in soil, providing a high nutrient cation input. This 
means that in the soil the clay content, the storage of mobilizable nutrient cations, 
and the water capacity increases. Humus and nitrogen are accumulated in soil. The 
rate of accumulation of basicity in organic matter is balanced by carbonate or 
silicate weathering, thus the soil does not acidify. 

Time scale: In the extreme case mentioned, the phase of increasing elasticity in 
soil may last for several millenia, that is, it can continue in the stability phase with 
high elasticity. In central and northern Europe, humans probably destabilized forest 
ecosystems by grazing and burning when they were still in the phase of increasing 
soil elasticity. 
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Patterns: During this phase the soil develops from initial stages to brown earth, 
which is characterized by a Bv or cambic B horizon (cf. Section 1.1). Species and 
habitat diversity are increasing. The material balance is characterized by the accu- 
mulation of biomass, and of nitrogen and basicity in the biomass, as well as the 
accumulation of humus, nitrogen, and mobilizable nutrient cations in the mineral 
soil. The weathering rate of silicates is decreasing according to the consumption of 
easily weatherable silicates. In calcareous soils, the leaching of bicarbonates is 
high, as indicated by water hardness (~ 20 kmol, ha~! year-!), it is supplied by 
dissolution of carbonate. In noncalcareous soils the leaching of bicarbonates may 
approach zero if the deeper soil approaches pH 5.0. This result is an important 
precondition for the accumulation of the nutrient cations released by weathering in 
the soil. The material budget is thus characterized by a larger input of nutrients 
(cations and nitrogen compounds) than output. 

All other transition phases are characterized by a negative nutrient and base 
budget: the output exceeds the input, the storages in the soil decrease, and elasticity 
decreases. The processes involved are different, however, and allow the differentia- 
tion of various destabilization phases. 

Phase of humus disintegration (3): The material cycle in the ecosystem is decou- 
pled: The rate of decomposition and mineralization exceeds the rate of biomass 
production. The organic matter and nitrogen storage in the mineral soil that accumu- 
lated during phases 1 and 2 are decreasing. This phase can be initiated by the 
regeneration of dominating trees, by perturbations, and by warming up of the 
climate. Space and time scale: The process starts patchlike in a tree stand and may 
then be the driving force for the development of gaps, or it is initiated on a larger 
space scale by perturbations. It can last for more than a century. It can end either by 
closure of the material cycle (3 — 2) or—after acidification of the topsoil to the Al 
buffer range—by the withdrawal of litter decomposition from the mineral soil (3 > 
5). The loop 2— 3 — 2 may occur at each regeneration and is then an important 
driving force for soil acidification (i.e., a decrease in elasticity), 

Patterns: The ion budget of the soil is characterized by the leaching of nitrates, 
indicating an equivalent soil acidification. Since the nitrate concentration of soil 
solution is high, tree growth (forest increment) and biomass production are high. If 
the change in the acid—base status of the soil exceeds the ability of the tree roots to 
adapt, a sudden change from high growth to the decline of the dominant trees is 
possible. Since the humus disintegration involves the organic matter in the whole 
soil profile including Bv horizons (Bvh), the decline may only concern the deep 
rooting dominant trees, whereas the ground vegetation is vital and regeneration may 
take place. 

Process (cf. Fig. 10.5): In the case of steady state of soil organic matter, the 
mineralization of highly polymerized humic substances by fungi is compensated by 
their new formation via biological humification (Scheffer and Ulrich, 1960). If a soil 
acidifies, this flux equilibrium is disturbed. The input into the stable compartment is 
decreasing as a consequence of decreasing bacterial activity and of the inhibition of 
polymerization by decreasing pH and the formation of organic Al complexes. The 
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Fig. 10.5. Humus disintegration. 


output from the stable soil organic matter compartment is increasing as a conse- 
quence of the promotion of decomposition by fungi at low pH (optimum at pH 
~ 4.5). 

Buildup of decomposer refuge (5): If the acidification of the topsoil (A horizon) 
has reached low base saturation (Al buffer range), the chemical state of the soil 
solution changes from alkaline to acidic. This state has serious consequences for the 
species composition of plants and decomposers. Plants adapted to acid soil condi- 
tions also produce a leaf litter that is difficult to decompose, due to a low nitrogen 
content and also partially to the high content of water soluble phenols. From the soil 
burrowing species of the decomposers some are lost and others show a decreased 
activity. Consequently, the leaf litter is no longer mixed into the mineral soil and the 
accumulation of an organic top layer is initiated. From the point of view of an 
ecosystem, this phase is called buildup of a decomposer refuge. 

Patterns: During this phase, a temporal and spatial decoupling of the material 
cycle is a characteristic feature. The rate of litter decomposition is lower than the 
rate of litter production, the accumulation of litter and their decomposition prod- 
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ucts, together with basicity, takes place at the surface of the mineral soil. This 
process can follow the phase of humus disintegration. It is also a characteristic 
feature of the life cycle of even-aged forests on acid soils: The organic top layer is 
accumulated (transition 4 — 5) in the thicket and pole stage of the stand develop- 
ment. A steady state is reached in the timber tree stage (new attractor: steady phase 
with low elasticity, 5 — 4). With the opening of the stand (senescence or felling), 
mineralization may increase and the organic top layer decreases. 

Like biomass accumulation litter accumulation in fresh and decomposed state 
also indicates the accumulation of nutrients and bases outside of the mineral soil, 
and thus its depletion and acidification. The ion budget of the ecosystem may be 
balanced, which is not the case for the ion budget of the soil. This number can be 
calculated applying the material budget equation, if estimates of litter production 
and its nutrient content are available. 

In the case of aggrading stands, the acid load of the mineral soil caused by 
biomass accumulation and by litter accumulation add up and show a positive feed- 
back: with the maturing of the tree stand the rate of proton production increases (cf. 
Fig. 10.6). If the adaptability of the tree roots is exceeded, the vitality of the trees 
may decrease. The risk of such a development is greatest on soils with low elasticity 
and, with respect to the development of the tree stand, towards the end of the pole 
stage (bifurcation point of stand development). 

The shift of litter decomposition from the mineral soil into a special compartment 
indicates that mineral soil has unfavorable conditions for the root development of 
plants. Even acid tolerant species tend to develop a superficial root system that is 
located mainly in the organic top horizons. Roots and decomposers are an important 
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Fig. 10.6. Buildup of a decomposer refuge in aggrading stands. 
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factor in regulating soil fabric and physical soil conditions such as porosity. The 
withdrawal of life activities from the subsoil therefore implies adverse changes in 
soil porosity, aeration capacity, and water conductivity. 

Phase of podzolization (6): Podzolization is a soil forming process occurring in 
aggrading ecosystems on acid soils with plant communities that produce a litter that 
is difficult to decompose. The heath is a typical podzolizing plant community. 
Therefore, the process is often naturally connected with the succession of a forest 
ecosystem to a heath ecosystem (transition 6 — 7). This succession can proceed by 
a patchlike decline of the tree stand. Due to anthropogenic destabilization of forest 
ecosystems with low elasticity on sandy soils, this transition occurred on a large 
spatial scale from northern Germany to Scotland since the Bronze age, especially 
between 800 and 1800 AD. 

Process and Patterns: The proton production in mineral soil by the buildup of 
biomass and of an organic top layer is enlarged by the blocking of nitrification and 
the production of soluble organic acids during litter decomposition (Fig. 10.7). 
Podzolization is thus limited to the aggradation phase of an ecosystem on soils of 
very low elasticity. If the canopy opens and the plant community (heath or tree 
stand) declines, the process slows down or stops. On the ecosystem level ion input 
may balance ion output, but organic matter and basicity is accumulated outside the 
mineral soil, NH,-humates and organic acids are leached from the organic top layer 
into the mineral soil (A horizon). There they increase the proton load and dissolve 
iron hydroxides. The dissolved organic matter, Al, and Fe are arrested in the 
mineral soil in a B horizon. In the regeneration phase of the plant community a 
regradation is possible (6 — 4), if the rate of silicate weathering is high enough to 
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Fig. 10.7. Podzolization. Ah, Ae, surface horizons of mineral soil. 
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increase nutrient storage and base saturation in mineral soil, and if the nitrogen 
input allows the development of a more pretentious plant community. Due to nitro- 
gen deposition, this succession is at present characteristic of the heath areas in 
central Europe. 

Cryptopodzolization (8): The term cryptopodzol is used for soils in which Al is 
mobilized in the entire solum (A and B horizon). Organic matter is stabilized 
throughout the soil profile by the formation of Al complexes. Such soils were 
described in the chestnut zone of southern Switzerland (Blaser and Klemmedson, 
1987). The same kind of Al stabilization of soil organic matter is a consequence of 
acid deposition. 

Figure 10.8 represents the patterns of humification and humus stabilization. The 
left hand side indicates the processes in soils of high base saturation. Humus 
disintegration can lead to a decrease in organic matter and nitrogen storage, the 
remnants have low nitrogen contents and are stabilized by Al. In this case the 
organic matter content is usually low and does not show up morphologically. On the 
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Fig. 10.8. Patterns of humification. Oh, humus horizon of organic top layer. 


384 ULRICH 


right-hand side the processes in acid soils are shown. In the rare case of a substrate 
with high Al content, a site with high precipitation, and the presence of water 
soluble litter decomposition products, a considerable accumulation of organic mat- 
ter stabilized by the Al in the subsoil (B horizon) can take place (crytptopodzoliza- 
tion). More widespread is the mobilization of Fe in the acid topsoil (Ae horizon) and 
the subsequent stabilization of the organic matter as Fe complexes in a Bh horizon 
of limited extent (podzolization). The mobilization of Al in B horizons by acid 
deposition begins a development that is comparable to the natural process of cryp- 
topodzolization: Organic matter leached from the topsoil is arrested in the B horizon 
by Al. The main feature of acid deposition is, however, the leaching of Al ions from 
the B horizon (cf. the ion budgets of case studies in Ulrich, Chapter 1). This 
leaching is caused by acid deposition (Ulrich, 1986), which is due to a man-made 
change in chemical climate starting on a large scale in the middle of the last century. 

Patterns: The ion budget is characterized by the input of strong acids (protons and 
ammonium) accompanied by mobile anions (sulfate and nitrate), and an almost 
equivalent output of cation acids, especially Al ions, with the seepage water. The 
organic top layer is densely rooted. There is a high input of mobile Al and Fe into 
the organic top layer from the mineral soil through root litter (Ulrich, 1989a). 
Organic matter is accumulating in the organic top layer. Water soluble organic 
substances are leached into the mineral soil and stabilized in the B horizon. Nitro- 
gen is sequestered together with the organic matter. Thus the nitrogen cycle is 
interrupted. This decoupling should result in nitrogen deficiency and stunted 
growth. In fact, this effect can be compensated or even overcompensated for by 
nitrogen deposition. 

All these processes possess a positive feedback mechanism with respect to proton 
production in the mineral soil. Thus the rate of soil change increases with time up to 
the bifurcation point of stand development (cf. Section 2.5). The processes may 
initiate each other and run parallel so that their proton production adds up. Depend- 
ing on the initial condition, acid deposition could have triggered any of the transi- 
tion phases shown in Figure 10.4. 

From any transition state the ecosystem can return to steady states 2 or 4 (upward 
leading arrows in Fig. 10.4). If one of these steady states was the starting point, a 
cyclic succession is indicated. Such transitions are input controlled: chemical het- 
erogeneity in soil decreases, nutrient storage and base saturation increase, and 
enable the approach of a steady state that functions as attractor. Under natural 
conditions, silicate weathering is the most important input. Humans learned to use 
lime and fertilizers as input in order to achieve the same goal. 

Probably most forest ecosystems in central Europe are in transition phases. This 
is due to 


« Forest utilization that may go back for centuries and millenia (destabilization). 


+ Forest management including afforestation of devastated forests and heath- 
lands since the last century (objective: Timber production and stabilization of 
the forest ecosystem). 


e Acid deposition since the middle of the last century (destabilization). 
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e Nitrogen deposition, slowly increasing since the last century (stabilization) and 
high rates a few decades ago (increasing risk of destabilization). 

e Climate change (may be in effect already and is expected to have great influ- 
ence in the coming decades). 


If mankind had not interfered, central Europe would be almost completely cov- 
ered by forests. Agricultural sites that are no longer cultivated, thus represent 
transition phases (succession stages) in the development of forest ecosystems. This 
succession implies that the subordinate hierarchical levels constrain the superior 
levels. From the viewpoint of hierarchy theory, this should be a principle that is 
always valid. Küppers (1991) demonstrated this theory using as an example the 
succession of hedges along the edges of fields, where the architecture of the plants 
(branching) becomes the determining factor for succession. 


2.8. Hierarchical Level +4: Macroevolution 


Evolutionary processes play a role at the level of stand development (+1) as viabili- 
ty selection and, at the level of system renewal (+2), as genetic adaptation. At the 
level of macroevolution the formation and extinction of species is concerned. The 
spatial scale is the continent where species are able to migrate. The time scale 
differs according to the regeneration period of species. The patterns are constituted 
by the existing species. 


3. DESTABILIZATION OF FOREST ECOSYSTEMS BY DEPOSITION 
OF ACIDITY AND NITROGEN 


The results of forest decline research are summarized in this section and the hier- 
archy theory is used as the order principle. Application of this theory has to be 
carried out independently for the different components of emission—deposition; the 
presentation should be considered as an example and does not lay claim to com- 
pleteness. This theory is limited to the effects of the input of acidity and nitrogen. 
On the hierarchical levels — 1 to —3 the influences on the individual system compo- 
nents are discussed. This presentation is also limited, namely, to the trees and the 
decomposers. Neither the interactions with other stresses, such as extreme weather 
conditions or damage causing insects, are included. With respect to the results of 
forest damage research, reviews by different research groups (FBW, 1989; Horsch 
et al., 1992; Krupa and Arndt, 1990; Reuther et al., 1991; Schulze et al., 1989; 
Ulrich 1989a, b) summarize the results achieved. 


3.1. Effects of Acid Deposition on the Tree Layer 


Table 10.4 shows the effects on the trees of a stepwise break in hierarchy. The acid 
input comes into effect immediately at levels 0 and —3 (minimal structural units in 
the sense of Pickett et al., 1989). On the level of the ion cycle the acid deposition 
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TABLE 10.4. Effects of. Acid Deposition on the Plant Subsystem 


Level Process Filter New Constraints 

+4 Evolution Competitors Reduction of gene pools 

+3 Succession Rate of immigration of Ground vegetation 
species (grasses, heather) 


Planting, fertilization 


+2 System renewal 


+1 Storage change 
of biomass: 
Leaf loss Mobilization of reserves Canopy closure (open) 
Tree decline 

Re 
0 Material cycle — H* buffering, crown Flux of water and 
leaching nutrients to crown 
— Nitrogen deposition 


Attractor function of flux 
equilibrium 


=| Formation of Fine roots: Wood increment 
organs increased turnover Water conducting system 
displacement to 


=2 Water/nutrient Regulation by plant Nutrient deficiency 
uptake Acid tolerance Root derangement points 


—3 — Biochemical H+ buffer capacity of 
reaction in apoplast and cells 
leaves 
-3 — Soil Acid buffering Decrease of base 
acidification Acid accumulation saturation 
(aluminum sulfates) Nutrient losses 


Long arrows indicate constraints after the break of hierarchy, short arrows indicate effects of deposition 
of strong acids. 
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leads via buffering in the leaf to the leaching of cations (K, Mg, Ca, and Mn) from 
the leaf. Through this the conditions for nutrient uptake (—2) are changed and 
uptake increased, if the nutrient content of the soil solution is adequate. The effect is 
thus filtered via the changes in the parameters, which constrain the nutrient uptake. 

Another effect is direct damage to the leaf (—3), for example, due to sulfur 
dioxide (SO,) and its follow-up products including protons. It was shown that in 
West Germany, under the present SO, concentrations in the air, the neutralization 
ability of the apoplast and cell is sufficient to be used as a filter to prevent damage. 

The soil is another component of interaction, where depending on the buffer 
range different acid-base reactions take place. Deposited acidity is either neu- 
tralized or transformed into weaker acids. In these acid-base reactions an equiva- 
lent amount of bases is consumed. The nutrients Ca, Mg, and K, which occur as 
bases in the soil, are transformed into water soluble neutral salts (e. g., sulfate) and 
are leached with the seepage water. The base consumption is therefore closely 
connected with the nutrient depletion. In the soils of central Europe, acid deposition 
and its buffering in the soil has been under way since the middle of the last century. 
The filters are the cation exchange equilibria in the soil. Acidification and nutrient 
depletion have a drastic impact on the soil solution (change from alkaline to acidic) 
only if the base saturation decreases below around 15%, and only then is the uptake 
of nutrients inhibited severely. The tree can tolerate a decreasing nutrient supply 
over decades without showing signs of decline in the above-ground parts (e.g., leaf 
loss) by selective uptake of nutrients, by the translocation of nutrients within the 
tree (e.g., from old needles into young), and by adaptation of the growth to the 
nutrient supply (decrease in radial growth). Acid stress in the soil is filtered in the 
root system through adaptation, for example, by apoplastic and symplastic tolerance 
mechanisms. The existing stress nevertheless is visible in the pattern of the content 
of nutrients and cation acid (especially Al) in leaves and roots, respectively. 

Until now, physiological research has failed to clarify the chain of effects causing 
crown thinning. Should this failure be due to a fundamental methodical problem, it 
may be possible to apply the method of a correlation of patterns at different stages of 
the dynamic process, which over a period of years to decades leads to the typical 
branching pattern of crown thinning. The following interpretation is based on this 
approach. 

On the level of seasonal processes (—1) the process of formation and develop- 
ment of fine roots can be directly influenced by soil changes. Several adaptation 
reactions operate at this level, which are partly linked to each other by influencing 
constraining parameters and signals. These reactions can repeatedly put the filtering 
mechanisms down to level —3 into the circuit. If, for example, due to acid pushes 
the acid (Al) concentration in the soil solution increases so fast that the tolerance 
mechanisms of a fine root are not able to react, the meristem (growth tissue) of the 
root tips can be damaged (signal). Root growth can be continued from secondary 
meristems (regeneration proficiency as a filter); this process is morphologically 
manifested (pattern) in an anomaly of root branching (root interference points). It 
can take weeks to complete the course of such a feedback loop. The lifespan of the 
fine roots is shortened (signal), which can be balanced by an increased fine root 
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growth (filter). During such pushes the spatial heterogeneity of the chemical soil 
state increases, with a high seasonal dynamic. The regeneration of fine roots pre- 
dominantly occurs in those soil layers in which the acid-base and nutrient state 
reaches the nearest approximation to the optimum (allowing stationary ion uptake). 
However, the deviation from the optimum can be considerable, and the deciding 
factor is the relative favorability. In reality, this means that under increasing unfavor- 
able conditions in the subsoil (deep reaching severe acidification of the soil) the fine 
root system of a tree retreats into the humus rich topsoil (A horizon and organic top 
layer). The water and nutrient uptake, even with shallow root growth of trees, is 
secured by an increase in the fine root mass (filter). Under long-term stress (de- 
cades) the pattern of the root derangement points continues in the lignified root 
system interference (Puhe, 1994). 

Fine root growth, radial growth including branching and leaf mass, are con- 
nected by assimilate production and transport, as well as by the water uptake and 
transport. In the case of soil born stress (acidification) for assimilate allocation the 
formation of the fine root system seems to be just as important as leaf formation. An 
increased assimilate consumption in the fine root system, or a diminished assimilate 
production (e.g., due to an inhibition of transpiration), leads to decreased radial 
growth of lignified parts (trunk, coarse roots, branches, and twigs). As a result, the 
water conducting sapwood areaof lignified roots in the trunk and twigs is reduced, 
impairing the water supply to the leaves, and the level of the material cycle becomes 
affected with respect to water and nutrients. The inhibition of the water supply to the 
crown is aggravated by the shift of the fine root system into the upper mineral soil: 
Only by radial growth can the water conducting system in the lignified roots of the 
upper mineral soil, cope with the increasing water uptake due to an enhanced fine 
root formation. On a shorter term the tree is able to increase the flow velocity in the 
conducting tissue by steeper hydraulic gradients and utilize the water resources in 
the trunk (a filter at the level of the material cycle). The tree can also concentrate 
radial growth where a hydraulic bottleneck occurs, such as at the beginning of the 
crown section, which is manifested in zero growth in the lower trunk (filter on the 
level of growth processes). If the inhibition of the water supply is not eliminated by 
these filters, the tree responds with a long-term adaptation (i.e., over years and 
decades) by adjustment of its transpiring leaf surface to the water supply. In spruce 
this is realized by the loss of whole shoots causing the formation of typical stress 
induced branching patterns (cf. Section 2.3). Thereby, level +1 “storage changes in 
the biomass” is reached. The patterns of the below-ground (roots) and above-ground 
branching (crown) correspond with each other. However, the modifications in the 
branching pattern of the roots are ahead of those of the crown by years-to-decades, 
depending on the efficiency of the filter mechanisms. This type of coupling between 
the different organs of a tree, which probably include blossom and fruit formation, 
appears to be characteristic of soil born disturbances, irrespective of the type of 
disturbance. Both anthropogenic and natural acidification, but also water logging, 
soil compaction, and anoxia, can lead to the same dynamic in the below- and above- 
ground branching pattern. A clarification of the causes can attempt to be made by an 
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analysis of the soil chemical and physical patterns, as well as the chemical and 
anatomical patterns of the root system. 

With the phenomenon of crown thinning, particularly after the decline of individ- 
ual trees, a tree stand loses its function of regulating the microclimate. Now the 
ecosystem is lead to a bifurcation point where the development either takes the 
course of renewal and regeneration of the system (persistence), or under the present 
soil conditions, is dominated by the most competitive species of the ground vegeta- 
tion to succession. If at this stage the forester provides the tree stand with a second 
chance through replanting and management, a new forest ecosystem can begin its 
development. On depleted soils however, the nutrient supply to build up a storage of 
biomass and an organic top layer may sometimes be insufficient. In such ecosys- 
tems the tree stand starts to thin out at the bifurcation point of stand development 
(cf. Section 2.5) and succession does not set in until some decades later. This 
finding is exemplified by the yellowing of medium aged spruce stands due to Mg 
deficiency and by secondary stresses causing other forms of thinning or the collapse 
of forests in the pole stage. 


3.2. Effects of Nitrogen Deposition 


The effects of nitrogen deposition are compiled in Table 10.5. In contrast to an input 
of acidity, an input of nitrogen has immediate effects on the levels of material uptake 
(—2) and growth processes (—1). Ammonium and nitrate can be taken up through 
leaves. An increased availability of nitrogen promotes the tissue formation at the 
places of assimilate allocation, thus it promotes the discharge of assimilates from 
the chloroplasts and prevents the blocking of photosynthesis. Consequently, higher 
assimilation rates are possible and growth is increased. Since forest growth is 
usually limited by lack of nitrogen, nitrogen deposition leads to an increase in 


e Radial growth — increase in forest increment. 

e Xylem area — improvement of water transport to the canopy. This counteracts 
the effect of acid deposition (see Section 3.1). : 

e Height growth — changing the height/diameter ratio with the eventual conse- 
quence of mechanical instability of the tree. 

e Flowering — consumption of assimilates (> decrease in xylem area) — Pro- 
motion of natural regeneration. 

e Fine root mass — improvement of water and nutrient uptake. 

* Litter production (via the promotion of ground vegetation) — increase in food 
resource for decomposers. 


These growth increments increase progressively with the improvement of nitro- 
gen nutrition, in so far as they do not compensate each other as seed production and 
radial growth. Tree stands in the pole stage have the highest growth increments if 
nitrogen nutrition is improved (level +1, response time decades). These stands can 
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TABLE 10.5. Effects of Nitrogen Deposition 


Level Process Effect of NH, and NO, Deposition 
+3 Succession (+): Ground vegetation and fast growing tree 
species 


— Change of competition in open timber trees 
and regenerations 


+1 Stand (+): Juvenile phase of stands, biomass 
development 
— Cation accumulation in biomass, soil 
acidification 
Material cycle (+): Nutrient cycle 
=] Formation of (+): Diameter increment (— timber production) 
plant organs Height increment (—> mechanical instability) 


Xylem area (> water transport) 

Seed production (— natural regeneration) 
Fine root biomass (> water/nutrient uptake) 
Litter production (ground vegetation) 


—] Decomposers (+):  Bioturbation (depending on humus form) 
=] Phytophages (+): Leaf insect damage (due to elevated N 
contents) 
-7 Water/nutrient (+): Direct uptake of NH, and NO, by leaves 
uptake In the case of NO, nutrition: cation uptake 


Nitrogen content of leaves 

(-): In the case of NH, nutrition: cation uptake 
Nutrient relations (N/P, N/K, etc.) in leaves 
Frost hardiness 


=2 Assimilation (+): Photosynthesis (assimilate transport) 
Availability of assimilates 
=2 Mineralization (+): Denitrification (> N,O) 
-3 Soil chemical (+): In the case of NH, deposition: soil 
reactions acidification 


In the case of NO, leaching: soil acidification 


Arrows indicate consequences that follow the primary effects of nitrogen deposition. 
(+) = promotion, (—) = inhibition. a 


accumulate up to 40 kg of N ha~! annually in the aggrading biomass. In timber trees 
this figure is 10-15 kg of N. Nitrogen deposition has greatly enhanced the growth 
of young tree stands in central Europe. This deposition is connected with a higher 
rate of nutrient uptake from soil and indicates that the rate of ecosystem-internal 
soil acidification is increased in equivalent degree. Nitrogen deposition is consid- 
ered as the driving force for the development of yellowing of spruce stands, which is 
a symptom of forest decline in central Europe. Nitrogen promoted growth and soil 
acidification. If this reaction results in low Mg/AI>* ratios in the soil solution, Mg 
uptake is inhibited and the yellowing of needles appears as a symptom of Mg 
deficiency. 
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In addition, secondary production is promoted by nitrogen input. As far as 
nitrogen deficiency limits leaf litter decomposition, mineralization and bioturbation 
can be increased. This finding is relevant especially for organic top layers (humus 
form moder), which show no signs of podzolization. An increased nitrate concentra- 
tion in soil solution promotes nitrate leaching and can thus affect ground water 
quality. The same condition promotes denitrification and the emission of nitrous 
oxide (N,O) from soil. Nitrous oxide is a greenhouse gas and contributes to the 
destruction of the ozone layer. In the case of luxury nitrogen nutritior, the nutrient 
relationships in plant tissues (N/P, N/K, etc.) change in favor of nitrogen. Conse- 
quently, this causes changes in growth relations, a decreased tolerance against 
phytophages like leaf-eating insects, and diminished frost hardiness. 

The negative effects of increased nitrogen inputs finally become evident at the 
level of succession through the changes in growth between different species. This 
effect can be manifest through changes in the competition between different tree 
species or between tree species and species of the shrub and ground vegetation. In 
mixed stands of European beech (Fagus sylvatica) and oak (Quercus petraea and 
Quercus robur), beech is promoted. In the renewal phase of beech forests on 
limestone, the accompanying tree species like Fraxinus excelsior and Acer pseudo- 
platanus are favored. The competition by ground vegetation is very marked in 
spruce ecosystems at higher altitudes (dominant species in ground vegetation is 
Calamagrostis villosa) and in pine forests of the northeastern German flat plain 
(dominant species is Calamagrostis epigejos, Hofmann et al., 1990). These grasses 
impair the tree stands by water and nutrient uptake, they promote the organic matter 
accumulation in the organic top layer, and they prevent tree regeneration. 

As long as nitrogen is deficient, its input has a stabilizing effect on the forest 
ecosystem. Nitrogen deposition can mask to a great extent the adverse effects of 
acid deposition and of ozone (as far as ozone affects photosynthesis and assimilate 
allocation, Willenbrink and Schatten, 1993). A nitrogen deposition of 10-15 kg of 
N ha! annually, covering the requirement for forest increment, can be considered 
as a stabilizing input into the forest ecosystems of central Europe. The risks of 
higher nitrogen inputs are the triggering of succession, diminished ground water 
quality, and the emission of greenhouse gases from forest ecosystems. These risks 
build up slowly, but their control will become more difficult the later it is attempted. 
This finding is the consequence of the long-term changes in storages and processes 
due to nitrogen input. 


3.3. Implications of Deposition for Decomposition and Mineralization 


The following section is based mostly on the interrelationship of patterns and less on 
process studies, thus, the causal relationships have to be considered as hypothetical. 
Depending on the initial state of the soil, acid input induces contrary changes: Either 
an increase or decrease in the storage of soil organic matter (humus). The effects are 
compiled in Table 10.6. In this figure, the new constraints after the hierarchy break 
are differentiated according to the chemical soil state. 

In pristine forest ecosystems with mull soils of higher base saturation (silicate or 
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TABLE 10.6. Effects of Acid Deposition on the Decomposer Subsystem? 


Level Process Filter New Constraints 
ET n nn SF nn ee nn a en 
+3 Succession Rate of immigration of Ground vegetation: 
species Si: nitrophilic flora 
Planting, fertilization Al: grasses, heather 


+2 System renewal 


+1 Storage change of Change in microclimate Si: Nitrogen losses from 
humus due to opening subsoil (AhBv) 
Al: Accumulation of organic 
top layer 
0 Material cycle — Nitrogen deposition Decoupling: 
attractor function of Si: Nitrate leaching (+H*) 
flux equilibrium Al: N, accumulation (—H*) 


org 


—1 Plant Displacement of fine Si: Root litter in top soil 
Toots Al: Root litter rich in Al/Fe in 
Ahe and organic top layer 


—] Decomposers Displacement according Bioturbation: 
to root litter production Si: Decrease 


2 Mineralization Change in species Si: Humus decomposition in 
composition mineral soil by fungi 
Displacement according Al: Decrease of microbial 
to chemical soil state activity 


—3 — Soil Si: H/Calcium exchange Si: Decrease of base saturation 
acidification in humus Al: Water soluble humic 
Al: Al/Ca exchange in acids, Al/Fe humates 
humus 


«Si: Soils in silicate/exchange buffer range, Al: soils in Al buffer range. 
Long arrows indicate constraints after the break of hierarchy, short arrows indicate processes that are 
directly affected by nitrogen deposition. 
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cation exchange buffer range) and relatively high humus contents in the subsoil 
(Bvh horizons), soil acidification due to deposition (level —3) can initiate humus 
disintegration (cf. Section 2.7). This finding reflects a positive feedback: Acid 
deposition has in this case triggered an ecosystem-internal acid production. Base 
saturation decreases mainly in the subsoil that is intensively rooted by trees, due to 
the buffering of acid deposition in leaves. Humus disintegration also starts in the 
subsoil. The retraction of fine roots from the subsoil as a consequence of its 
acidification diminishes the food resource for decomposers. The decreasing base 
saturation and the reduced food resource inhibit the activity of deep reaching soil 
burrowers and result in a population shift of the decomposer chain (level —1). 
Possible implications for the tree population are (a) a far above average increment as 
a result of the high nitrogen supply and (b) commonly after warm—dry years severe 
crown thinning and dying off of individual trees as a result of severe damage to the 
fine roots in the deeper rooting zone with a secondary effect of enhanced suscep- 
tibility to wind-throw. In the case of (b), regeneration can be impaired due to a 
thriving development of the ground vegetation. Persistence of the same ecosystem 
may thus be at risk. 

In ecosystems with the upper mineral soil layer in the Al buffer range and an 
organic top layer, the acid input triggers podzolization (cf. Section 2.7). The rate of 
mineralization by bacteria diminishes, which is reflected in a decrease of microbial 
biomass and an enhanced respiration (level —2; Anderson, 1992; Wolters and Joer- 
gensen, 1991). The decomposers retreat completely into the humic layer (level — 1), 
bioturbation is restricted to the organic top layer, and the humus form (pattern) 
changes. Due to the processes described in Section 2.7 as cryptopodzolization, 
accumulation of soil organic matter and nitrogen begins (level +1). The implica- 
tions of the nitrogen input depend on the base saturation in the Oh horizon and on 
the type of decomposer chain. If, under favorable base saturation, decomposition 
and mineralization are limited by nitrogen deficiency, the nitrogen input may acti- 
vate these processes. Under the condition of cryptopodzolization, however, miner- 
alization is not limited by nitrogen, but by the formation of Al and Fe organic 
complexes. A kind of flux equilibrium may be reached between (a) nitrogen input as 
constraint of formation of fine root mass, (b) the input of acidity as constraint of the 
mobilization of Al and Fe in the mineral topsoil; and (c) the accumulation of mobile 
and immobile humic substances from root decomposition. 


4. DISCUSSION 


Any ecosystem analysis is confronted with the problem that for practical reasons 
only sections of the ecosystem can be considered. The process hierarchy outlined 
considers only process categories. In order to consider a concrete problem, it is 
necessary to define the process hierarchy at each level as to which subsystems are 
involved (e.g., states of the stand development, population, and species organs) and 
which processes are significant (e.g., removal of biomass, thinning, acid deposi- 
tion, liming, nitrogen deposition, nitrogen uptake and mineralization, and damage 
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due to bark beetle). As the process categories allow a further differentiation in space 
and time of single processes within the given reference to space and time, it may be 
sensible to select additional hierarchical levels for the concrete problems to be 
considered. This approach corresponds to those suggested by O’Neill et al. (1986) 
and Pickett et al. (1989). The advantage of the described approach of a continuous 
process hierarchy is the option to develop concrete hypotheses regarding the effects 
of a disturbance at level n on all levels. These hypotheses have to specify the 
constraints exerted by level n + 1, the relevant signals of level n, the relevant 
filtering mechanisms of level n + 1, and the change in the constraints exerted by 
level n. In addition, hypotheses have to be formulated regarding the transmission of 
the disturbance onto the respective superior (n + 2, n + 3, . . .) and lower levels 
(n— 1,n— 2, .. .). For ecosystems in the attractor area of a flux equilibrium, the 
implications of a disturbance in the process hierarchy are limited and may be 
neglected. 

A hierarchical approach offers us the option of following the effects of a special 
process through the different space and time scales. Reductionist research ap- 
proaches make it possible to investigate the signals of level n — 1 that are effective 
on level n, and the filter mechanisms on level n. Therefore, it is possible to follow 
the course of the disturbances on their way through the ecosystem from higher-to- 
lower levels, as well as in the opposite direction, and determine causal relation- 
ships. The signals and the action of the filter mechanism on the respective higher 
levels are reflected in patterns, as shown in Section 2. These patterns allow the 
transition between different scales. If, for example, the effect of acid input on trees 
was determined according to Figure 10.12 with reductionist research approaches, 
the patterns of the temporal development of emission, of the change in the chemical 
soil state, of the ion allocation in roots and leaves, of the depth gradients of the root 
system, of the condition of the crowns of trees, of the element budget of case 
studies, as well as of the aging and regeneration patterns, can be correlated. 

The role of constraining parameters coming into effect on level n (driving vari- 
ables) can be verified by process models at level n — 1 (O’Neill, 1988). Process 
models of this kind represent holistic approaches in which the variables can be 
interrelated by strong causal relationships (strong coupling). If several hierarchical 
levels are to be integrated in system models, simplifying assumptions are required 
for a coupling; for example, the coupling of patterns by relatively weak relation- 
ships (soft coupling). A thorough description and selection of patterns is necessary 
in order to avoid wrong couplings in verbal models as well as in simulation models. 

As pointed out, most effects of a variance in climate and of ecosystem internal 
processes influence the components of the ecosystem by changing physical and 
chemical parameters. Such effects start their way through the ecosystem at the level 
of biochemical and soil chemical reactions (—3) and cause signals at the higher 
hierarchical levels. At the level of sink and source function of organisms (—2) such 
signals represent information that is used to regulate physiological processes. Cli- 
matic variance, as well as ecosystem internal processes, can also affect higher 
hierarchical levels directly, for example, the level of seasonal growth processes 
(—1) by insect damage, or the level of stand development (+1) by wind-throw of 
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the tree layer. Such effects represent disturbances of the ecosystem. A disturbance 
may thus be defined as an effect that interacts directly at hierarchical levels of — 1 or 
higher. Further examples for externally caused disturbancjes are fire and biomass 
utilization. Ecosystem internally caused disturbancles, such as damage to trees by 
pathogens, may indicate changes in vitality and competition strength of the popula- 
tions that are due to a temporal break in hierarchy. All disturbances of the ecosystem 
that are not filtered, ultimately become effective on the level of stand development. 
Loss of leaves, yellowing of leaves, premature thinning of timber trees, dying of 
trees, and the development of gaps in relatively young stands, inevitable shortening 
of the felling age, extensive perturbations due to wind, snow, insects, failure of 
natural regeneration, unsatisfactory development of plantations, growth of a grass 
cover, shift of the age classes toward younger ages—all of these examples are 
indications that the ecosystem is in a transition phase to a new attractor state, which 
may no longer represent forest ecosystems. The temporal development of all phe- 
nomena described allows us to draw conclusions regarding the change in persistence 
of the forest ecosystems on a regional scale. 
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